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ADVANCE CONFIDENTIAL REPORT 


AIT EXPERIMENTAL INVESTIGATION OF NACA 

SUBMERGED— DU CT ENTRANCES 

By Charles -W. Frick, Wallace F, Davis, 
lauros M ...Randall , and. Emmet A, Kos sman 


SUMK ARY 


The results of a preliminary investigation of submerged— 
duct 'entrances are presented. It is shown that an entranco 
of this typo possesses desirable critical spocd and pressure*— 
recovery characteristics when used on a fuselage or nacelle 
in a region of low incremental velocity and thin boundary 
layer. The data obtained indicate that submerged entrances 
are most suitable for use with "int ernal— flow systems which " 
diffuse the air only a small hinount : for example, those used 
with jet motors which have axial— flow compressors. Where com- 
plete diffusion of the air is required, fuselage-nose or wing— 
1 ceding— edge inlets may proVe -to be superior. 

The results of the investigation have been prepared in 
such a form as to permit their use by a designer and 1>he 
application of these data to a specific design is discussed, 

INTRODUCTION 


The use of the j et— pr opul s ion motor has greatly inten- 
sified the need for efficient air— induct ion systems for 
high-speed aircraft. Although the air quantities used by" 
such motors are not greatly in excess of the over— all air 
requirements of conventional aircraft engines of equivalent 
h igh— speed thrust , the performance of a jet motor is 
affected to a much greater extent by pressure losses in 
the air— induct i on system resulting from poor design. At 
high speed, a loss in tot^l pressure of 10 percent of the 
free— stream dynamic pressure for the air supplied to the 
jet motor of a typical fighter aircraft may result in a 
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loss in thrust equivalent to about one— tenth of the air- 
plane drag, "Alien it is realized that very few of the 

induction systems of existing jet— propelled aircraf^ 
have total pressure recoveries of more than 65 percent of 
the free— stream dynamic pressure, it becomes apparent that 
there is a great need for, improved designs. 

The National Advisory Committee for Aeronautics, work- 
ing closely with the Army and Navy, has been conducting 
extensive research on the problems of jet— motor air- 
induction systems at its various laboratories. Results 
of this research concerned witn fus elage— nos e inlets and 
external scoops have been published in references 1 and 2. 


As a part of this research program, the 
Laboratory has undertaken the investigation 
submerged bfelow- the surface of the body into 
entrance is placed. This type of air inlet 
having been tested first during the duct— ent 
reference 3. Submerged and sem isubm ergfed ' in 
received considerable attention from various 
manufacturers. It is the purpose of the inv 
reported herein to provide more complete • inf 
entrances of this type so as to define their 
iter its compared with other types of inlhts. 

. - *. k f ■ r • 

A study of 1 the georaetr i c- charhct Cr is t ics 
air inlets indicated the following possible 
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of submerged 
advant ages : 


1. Reduction of the length of ' th”e internal ducting and' 
the elimination of ducting bends with a saving in ' we ignt and 
reduction in pressure losses compared to a wing— 1 eading— edge 
0 ” fus elage— nos e inlets 

2. Reduction in external drag when compared with ex- 
ternal fuselage scoops 

3. Sasier attainment of high critical speedat high— 1 ■ 

speed attitude- than for external fuselage scoops and; a wider 
range of airplane attitude for high critical speed than f or 
a wing leading edge of fuselage-nose entrance • ;• - 

It was believed that these advantages would favor the •• 
use of such entrances f’er- certain a ir— induct! on systems, pro 
cf' Tided that design methods could be es tabl ish.ed to eliminate 
« the ciiar a ct e r is t ic ' 1 o w pressure recovery. 
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MODEL AND AEFABATU3 


t 

V. 

The- general investigation of the submerged entrances 
made in the A -;.c r 1— by 1.5— foot wind channel shown in 
figure 1. This wind channel is of the open— return type 
and is powered with a high— capacity centrifugal blower 
capable of producing a maximum ■ airspeed of 180 miles per 
hour in the test section. The air stream itself is very 


was 


smooth and probably of low turbulence because of the con- 
traction ratio of 13.0 to 1.0. 


Measurements of the tunnel air stream indicated an 
appreciably thick boundary on the walls of the test section. 
In order to obtain the thinnest boundary layer possible, a 
false wall was built into the wind-tunnel test section so 
tnr.t the tunnel— wall boundary layer passed between the 
false and true walls of the tunnel. The model submerged 
duct was placed in this false wall as shown in figure 1. 

Air flow into the model duct entrance was controlled- through 
the use of a small centrifugal blower. 


The model of the subn erged— duct entrance was so designed 
that the contours of the lip, the angle of the entrance 
ramp (fip.l) and the divergence of the ramp could be changed 
without removing the other duct parts. The openings tested 
were of 4— squur e— inch area, one of 4— by 1— inch and the 
other 2— by 2— inch dimension. For all tests, the air drawn 
into the entrance was expanded to a very low velocity in an 
8° conical diffuser of 15.0 to 1.0 area r atio . Figure 2 
shows a view of one of the entrances tested. 


A specific application of the results of -the general 
investigation was tested on a 0.25— scale model of a fighter— 
type aircraft in. the Aries 7* "by 10— foot wind tunnel No. 1. Views 
of the submerged duct for th-is model ere shown in figures 
3 (a) and ( b) . 

" TESTS AND TEST METHODS . 


Measurements of the pressure losses of the air flowing 
into the submerged, duct for the .tests in the Ames 1- by 1.5-foot 
wind channel w^re made both at .the entrance and at the end 
of the diffuser. The placing of the total— pr essur e tubes 
and the static— pressure tubes in the entrance is shown 



in figure 4. Pressure losses at the end of the diffuser 
$ere measured with t otal— pr«f sur# iu'ots. It should be 
»Oted that all measurements of the pressure recovery at 
■fihe end of the d if f us er ' wer e made while the pressure- 
measuring rakes were located in the. duct inlet. The 
pressure losses resulting from the drag of these rakes are 
of considerable magnitude and the data obtained for the 
diffuser are of comparative value only. This in no way 
detracts from the value of these measur ements since they 
are used for comparing the effects of various changes to 
the entrance. Data useful to the designer were obtained 
with the rakes at the duct entrance hy plotting contours of 
pressure loss in the entrance from the measured values 
-obtained 'with the pressure— measur ing tubes of figure 4 and 
integrating these pressure losses to obtain the average' 
loss. losses measured with these rakes represent the value 
obtained with 100— percent diffuser efficiency. Data for 
other diffuser efficiencies may he computed from these 
measurements. Por all tests, the inlet— velocity ratios are 
mean values determined from air— ouant ity measurements made 
with a calibrated venturi meter located in the air duct 
leading to the centrifugal blower. 

Pressur e— distribut ion tests were made over the lip and 
the ranp of the entrance to permit an estimation of the 
critic?„l speed. Pressure data- obtained with flush orifices 
were used with reference 4 to obtain values of the critical 
Mach numbers for various operating conditions. 

The effects of removing. the boundary -layer of the 
surface aheaa of the submerged duct were determined by 
testing suction slots at various locations ahead of the 
duct entrance. A small centrifugal blower was Used to 
provide auction. Air quantities were measured with a cali- 
brated. v entur 1.; Asketch of the boundary— lay er— control 
test duct is shown in figure 5. 

IT early all tests were made hy holding the tunnel air- 
speed constant and varying the air quantity flowing in the 
duct to vary the ini et— v el c c i tv ratio. A few tests were 
made at very high ini et— vel o city ratios by reducing the 
tunnel airspeed. 

Tests of submerged— duct entrances for the 0.35— scale 
model cf the fighter aircraft were made by inducing air 
flow into the inlets With an air pump connected to a channr 
in the spar of the t ip— support ed model. The inlet— velocity 
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ratio was held constant while the model angle of attack 
was varied . \ Pressure losses were measured at the simulated 
entrance teethe Halford Jet motor with a rake of 1? total- 
pressure— meSsur ing tubes in each duct. 
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SESULTS AND DISCUSSION 
General Investigation 

The investigation of the submerged— duct entrances in the 
small wind channel was divided into phases, each concerned 
with one particular design variable. These variables were 
as f ollows : 

1 . E am p d e s i gn 

2. Lip design 

3. Entrance shape and aspect ratio 

4. Boundary— layer thickness 

The discussion deals with each of these variables separ- 
ately. Portions of the discussion are also devoted to the 
few testB of boundary— lay er control and to the ext ernal— drag 
characteristics. figure 2 defines the various elements of 
the submerged entrance. 

Bamo desi gn.— During the preliminary tests of the sub- 
merged entrances, the pressure recoveries obtained both at the 
end of the diffuser and at the duct entrance were disappoint- 
ingly low. A maximum value of pressure recovery of about 57 
percent was measured after complete diffusion at on inlet- 
velocity ratio of 0.5. The pressure recovery decreased to 
zero when the inlet— velocity ratio- was increased to a value 
of 1.3. The entrance tested consisted of a 1— by 4— inch 
opening at the end of a 7° ramp bounded by straight parallel 
walls. Since at inlet— velocity ratios of less than 1.0, more 
air enters the upstream end of the ramp than flows into the 
entrance with resultant spillage over the sides and, since 
the streamlines of the flow diverge as the opening is 
approached, it was suggested that some improvement might be 
obtained by diverging the walls of the ramp to. fit the 
streamlines more closely. Tests of the first divergent walls 
showed a surprising increase in the pressure recovery of 8 
to 10 percent at ini e t— v elo c i t y ratios of less than 1.0. 

In order to investigate this further, tests of various 
straight divergent walls and one curved divergent wall as 
shown in figure 6 and table I 'were made. The' results 
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of these tests are shown in figure 7. The best pressure 
recoveries were obtained with the curved divergence 4 which 
■ga-^js h m^xiaua pressure recovery of 73 percent at an inlet— 
velocity ratio of 0.40.“ Improvement was also found at iiflet— 
velocity ratios greater than unity. It should be explained 
that the measure of divergence used in this investigation is 
the ratio of the width of the entrance of the ramp to the 
width of the submerged entrance. An examination of the 
pressure-loss data of figure 8(a) obtained in the duct 
entrance shows that the effect of the divergent walls is to 
reduce appreciably the losses suffered by the air entering 
the duct. Th-e improvement of flow losses found at inlet — 
velocity ratios of 1.0 or greater indicates that fitting the 
contour of the ramp wall.s to the streamlines does not give 
a full explanation of the reduction of pressure losses. It 
is surmised that the divergent walls of the ramp act to 
reduce the amount of boundary— layer air which flows down 
the ramp, thereby increasing the pressure recovery at all 
inlet— velocity ratios. 

It was noticed, however, that while the pressure losses 
were much improved over the entrance as a whole, higher 
losses than those obtained with no divergence were found 
in a small region close to the sides in the upper half of 
the opening just below the lip. This effect, is shown by 
the data of figure 8(b) taken for the pressure rake mounted 
one— half inch fr.om the opening. Flow studies indicated that 
these pressure losses were originating in a short stalled 
region along the walls of the- ramp. Attempts made to ' 

improve this condition by rounding" the edges of the walls 
resulted in even greater losses. It was found that by 
placing snail ridges or deflectors of a maximum height of 
one— half inch along the top of the divergent walls as shown 
in figure 9, an appreciable gain could be' obtained at inlet- 
velocity ratios greater than 0.6. These data are shov/n in- 
figure 10. The combination of the curved divergence and T 
def l-ectors increases the maximum pressure recovery- after- 
diffusion from 57 percent (fig. 7) to 78 per cent- ( fig. 10) 
at an inlet— velocity ratio of 0.4 and from 20 to 36 percent 
at an inlet— velocity ratio of unity. The effect of these 
deflectors on the losses at the sides of the entrance Is 
shown in figure 11, 

The ■ f or ego ir.g results were obtained with n ramp angle of 
7 . It was necessary , therefore, to determine the effect of 
changing the ramp angle on the pressure losses and to find 
out whether the use of divergence was as efficacious with 
greater ramp angles as for 7°. . The results of figure 12 
show that, with parallel side walls, an appreciable 
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.improvement in the pressure recovery is experienced with 
iflcreas'ing; rasp angle especially at the ini et— v el o city ratios 
greater ti^n unity. The results of tests r of various ramp 
angles with divergent .walls presented in figure 13 show that, 
for ramp angles up to .l°°i the use of divergent walls 
results in a reduction of the pressure losses. For 15°, i 
a large loss in pressure recovery was experienced. The 
results of these tests indicate that , as a rair.p angle ‘i ’ 
increases, the divergence used should decrease. Figure 
14(a) shows the effect of ramp angle on the pressure 
distribution along the ramp. Figure 14(b) shows the pressure 
distribution along the ramp as it varies with inlet— velocity 
ratio . 


lip de s ign .— In designing a satisfactory lip for the '■ 
submerged duct, two requirements must be satisfied. First, 
the lip must have a shape that will give a high critical 
speed at the low inlet— velocity ratios used in high-speed 
flight; and second, the lip shape must be such that ;no 
stalling of the int ernal ,f 1 ow will occur at high inlet- 
velocity ratios or even at infinite inlet— velocity ratio 
corresponding to the static ground operation of the jet 
motor. With these criteria in mind, seven lip shapes 
were tested. line drawings of these shapes are given in 
figUr'e 15, and tables 11(a) and Il(b) give their ordinates. 

The results of tests of these lip shaped are'given in table 
III. The first lip tested was poor in all respects, 
especially insofar as the stalling of the internal flow 
was concerned.' Adding curvature to the inner surface (lip 
2) improved these stalling tendencies, but the critical speed 
was still very poor. ' Adding curvature to the outer surface 
(lip 3 ) did not improve 'the crit ical "speed and made the 
internal— flow losses much greater. Adding curvature to both 
the inside and outside surfaces Clip 4)' increase the critical 
speed and eliminated stalling of the lip except at infinite 
inlet— Velocity ratio. Changing the n os d radius (lip 5) did 
not improve this condition, but “an' increase in camber’ and an 
increase fn hose radius resulted in an entirely satisfactory 
lip (lip 6). A further attempt to' improve this lip by 
increasing the lip radius resulted in a still further de— •• 
crease in critical speeds. It is' concluded that , f or the 
duct' tested, lip 6 was entirely satisfactory. ' 

It was anticipated that chs.nging the ramp of the sub- 
merged entrances might have an appreciable effect on the angle 
of flow at the lip and thereby ori^the cr it ical ’ speed . Tests 
of lip 6 with a ramp angle of 7° showed a decrease in the'- 
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^maximum critical speed from M cr of 0.92 to a value of M f 

of 0.83 at an inlpt.r velocity ratio of 0.94 when divergence 
replaced the n ondl ver-gen t : ramp walls. It was surmised, that 
the increased pressure recovery with the divergent wall was 
increasing the angle of. flow at the lip. While the value c 
M cr of 0.83 .is quite high under normal conditions, the far 

that these submerged inlets probably iwill be used on surfac 
over which the velocity is greater than free-stream veloci* 
makes the attainment of the highest possible critical sneer 
for the lip necessary for a satisfactory airplane installa- 
t i on . 


In order to counteract the increased angle of flow, tl 
lip of the duct was. given 3° of down incidence. The effect 
of this change in incidence may be determined from a compai 
son .of- the pressure-distribution data of figures 16 and 17 
which show the lip pressure distribution with zero incidenr 
and with 3° down incidence. The effect of the change t on tl 
critical Mach Piumber is shown in figure 18. The maximum 
ci itihal - speed frith: 3° of down incidence is increased ttp. a 
value' of .M- cr .- of O’. 9-2 at an inlet-velocity ratio of. 0i85. 

-It was anticipated further that a change • i n- ramp angl « 
might have' an appreciable effect on the critical Mach numbi 
of - the lip’ by chahgi'ng the angle of’ flow.' D&ta obtained f c 
lip 6, ehown- in figures- 16, 19, and 20,- i ndi cfetb a sizable 
effect of raflip-angle ’change on the pressure distribution 
over the-’ lip. It is possible to compensate for the change 
in: ramp- angle by* changing' the incidence of the lip . " This 1 
believed more desirable'- -than ' changing- the cumber of- the ; lii 
itself since i-t -1 s possible' that the cont ours of the lip-in 
be changed enough to- cause- stilling of the int ernal -f 1-OW- at 
infinite ' iiil‘e't-v'el ocit-y fhtio* ' -• - - ' - ' - 

The' original lips used for the submerged ducts; -as" 
shown by f i gUre 15{ a ) y protruded si iglit ly above the Surf act 
This effect i s- nbt : detrimental , but is is somewhat- easier 
to fair • th : e : end s ‘ of" the : lip and :to: change its 1 incidence) 
if it is lowered until its upper • surface become s tangent' "• 
to thfe surface into which the Submerged duct i s ; pi a<56d , 
as shown by figures 2 and 1 5 ( b ). "i Test s of this arrange- ■ - 
ment showed the same characteristics as for the original 
lip lO'CatiPn". Oidlnatfes -for the 1 ip * so placed ' ar e-' given 
in tail e' 1 1 lb ) *. r • Th s-se' iipe, -when related'' to- the depth of' 
the model-duct entrance , are believed to r epr e sent ‘ the ^ 
upper* 11 ml t - of.desirable lip size. Tests of submerged • I 


5120 




iiACA ACH Ho. 5120 


9 


nee 4 
thkt 
was 
ue of 
: fact 

xrface s 
ocit y 
need 
illa- 


- , the 
'feet 
•rnpar i - 
17 

dence 
,n the 
im . 

o a 
. 35. 


ingle 
lumber 
d for 
■ ble ■ 
m- 

' Bee , ' 
is i s 
i lip--; 

p- ka.f 

>w- at- 


• f ace . 

■ er •- - 

_J "l »■ ' 

1 1 '■ *• ■* - 


1 

V 

n 

.3 f 


inlets designed for a specific airplane discu'ssed later 
indicate that the ratio of lip size to duct depth may he 
reduced t oddobout two— thirds of that used for the lips of 
tables Il('a) and 1 1{ b ) . 

Entrance aspect ra tio. — A few tests were made to deter- 
mine the effect of entrance aspect ratio on the pressure- 
recovery characteristics. Comparative results are shown in 
figure 21 for the 1— by 4—lnch opening (for which most of the 
research was conducted) ana a 2— by ?— inch opening. The 
effectiveness of diverging the walls for the 2— by 2— inch 
on enine is of comparable magnitude to that found f or the 
1— by 4— inch entry. The maximum pressure recovery which 
may be realized for the 2— by 2— inch opening is slightly 
less than for the rectangular opening. The data of figure 
22 indicate that the loss in pressure recovery result ing 
from a thick boundary layer is somewhat less for the square 
ope-ning. 

Effect of b o undary— layer thickne ss. — All the tests dis— 
.cussed above were made with the normal boundary layer of the 
false wall of the wind channel noted as boundary layer 1 in 
figure 25., In order to ascertain the effect of boundary- 
layer thickness and to provide data applicable t o . submerged- 
duct installations far aft’ on the fuselage of an airplane, 
tests were also made with the two other boundary— layer 
thicknesses shown in figure 23, Results of these tests 
are shown in figure 24. As expected, these thicker boundary 
layers appreciably reduced the apparent pressure recovery 
at the end of the diffuser. 

In order to ascertain the effect of the deflectors on 
the pressure recovery, tests were made with both normal and' 
■extended deflectors. (See fig, 10.) The results of these 
tests are shown in figure 25. It may be seen that, for the 
thinnest boundary layer, the normal deflectors showed an 
appreciable improvement while the extended deflectors im- 
proved the pressure recovery only for s. small- range of low 
inlet— velocity ratios. With boundary layer 2, the use of 
extended deflectors very appreciably increased the pressure 
recovery. With boundary layer 3, the improvement resulting 
from the use of c.ef 1 ec t cr 3 - was less. This decrease in the 
effectiveness of the deflectors is believed due to the fact 
that the boundary layer was very, thick. 

As will be shown later in this^ report, tests of a speci- 
fic model with a boundary layer thinner than any of those 
mentioned in the preceding paragraph showod a decrease in 
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pressure recovery resulting from the extension of the cleflec— 
*t o A. Improvement resulted from the use of normal deflectors 
’ It* jtay therefore be concluded that, for all boundary— layer 
thicknesses, the normal' deflectors should bo used, “but tirat 
the deflectors should be extended only when the boundary- 
layer is. as thick or thicker than boundary layer 2. In any 
specific application, the controlling parameter to be used 
in applying the results of this investigation, insofar as 
the thickness of boundary layer is concerned, is the ratio 
of boundary— lay er depth to the depth of the submerged 
entrance . 

Bounda ry— 1 aver cont rol. — Boundary— layer— control tests 
were mace with- a suction slot located at various positions 
along the ramp, as shown in fig-ore 5. The effectiveness 
of the boundary— lay er control was found to be best when the 
slot v a s located in the ramp near the inlet. The data 
obtained with the best slot (slot 4, fig. 5) are given in 
figures 25 and 27. These data show that, if the flow in 
the boundary— lay er suction slot is about 20 percent of the 
flow into the submerged inlet, the best results are obtained. 
However, the improvement obtained by use of boundary— layer • 
control is no greater than is obtained by extending the ■ : 

deflectors. It is believed that the use of extended .: ! 

deflectors will show an over— all increase in airplane 
performance greater than for boundary— lay er control. It . 
is expected, .however, that, if the wali-s of the ramp -have no 
C-ivergenco, the effectiveness of the boundary— lay er control- 
will be much greater. • . 



Hr ag . — Ho drag measurements were made in the general in- 
vestigation in the Ames 1— by 1.5— foot. wind, channel. It is 
impossible to distinguish between the external and internal- 
drag of a submerged inlet in the same manner as for an inlet 
in the leading edge of a wing or streamline body. Nearly all 
the air which, suffers a lass in momentum cue to the presence 
of thu submerged inlet flows into the entrance of the duct 
where that loss in, momentum appears as a pressure loss. 
for the basic submerged duct it might be said that the 
external drag rs a negative Quantity since there probably - 
is an improvement of the flow behind the inlet becauso of. 
the removal of the boundary layer. 

It is expected, however, that the us o of deflectors will 
result in some small external drag; but in view of the large 
increase in pressure recovery resulting from their use, it is 
believed they will result in a large net gain. 
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Design 


of the general 
airplane design afid 
7— "by 10— foot wind 
tunnel. The airplane used for this purpose is a high-speed 
fighter airplane powered with a Halford jet notor . From 
the results of the basic research, twin submerged entrances 
were designed to supply air to the Halford unit at an inlet- 
velocity -rat io of 0.70 at an airspeed of 475 miles per hour 
at 15,000 feet altitude. The internal ducting was of 
constant area back to the twin entrances of the jet motor. 
Pressure losses in the ducting as determined from bench 
tests were found to be 10 percent of the dynamic pressure 
of the air flowing in the duct. Views of the submerged 
inlet are shown in figure 3, and a dimensional sketch is 
given in figure 28. 

The results .of tests made for the basic submerged duct 
and f ox the inlet with normal deflectors are shown in 
figure- 29. The use of the deflectors appreciably increased 
the pressure recovery at the high inlet— velocity ratios. 
Dxtending the deflectors had a deleterious effect on the 
pressure recovery. S'ince the boundary layer was very thin, 
these results substantiate the theory that the extended 
deflectors nay improve the pressure recovery only if the 
boundary layer is thick. 

The results of tests in which the angle of attack was 
varied are shown in figure 30, It is. interesting to note 
that the variation of pressure recovery with angle of attack 
is small. This represents a considerable improvement in 
flow characteristics over those obtained with an inlet in 
the leading edge of a wing or streamline body. 

The estimated variation of critical Mach number with an 
inlet— veloc ity ratio based on measured pressures is given in 
figure 31. The decrease to a maximum M cr of 0.79 at an 
ini e t— velo c i t y ratio of 0.95 from the value of 0.92 for the 
basic lip 6 represents the effect of the addition of the in- 
cremental velocity over the fuselage. The critical speed of 
the submerged inlet is much greater than that of other basic 
parts of the aircraft. The lip used was given approximately 
2° of down incidence. 

It may be concluded that the application of the results 
of the general investigation to a specific design presents no 
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Application to a Specific 


As mentioned previously, the results 
investigation were applied to a specific 
tested on a 0,25— scale model in the-A_.es 




NACA ACE No. 51 


f adaitional problems. It is con however, that the 
usfce of deflectors on the submerged duct for this design was 
macie even more necessary because the duct was located in»a 
curved surface. 


;-••• Estimation of Compressibility Effects 

. ‘ i 

( It is anticipated that the pressure losses of the air 
/entering the submerged inlet will be appreciably greater at 
thigh— speed— flight Mach numbers than those measured for low 
speeds in the research of this report, especially at low ini 
velocity ratios, .The effects of compr es s ibl ity , furthermore 
will vary with the thickness of the. boundary layer of the 
surface into which the submerged ihlet is placed since the 
pressure losses at '.the inlet are a function of both the j 

bondary-lay er thickness ’.and the pressure gradient along" 
the ranp. At constant inlet— veloc ity ratio, the effect of 
compressibility is to increase this pressure gradient. . In 
lieu of high-speed tests, it is possible. to estimate the 
Mach number effects by considering the increase in the ramp 
pressure gradient, jwith Mach number equivalent to the increas | 
in the ramp, pr.es s,ur e -gradient with decreasing inlet— velocity j 
ratio,... ; • -■ .< . ■’ - j 

for a constant, .boundary— layer thickness it is convenient 

to write , 
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low 

•• inlet— 



: : i e nt 


The entrance pressure losses in terns of free-stream 
dynamic pressure in ay also be written as 
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The^e ooncects of effective pressure loss and effective 
inl-gt-velocity ratio permit the use of measured low-speed 
pressure losses in estimating high-speed pressure losses 
for similar submerged-duct designs. The measured low- 
speed losses are considered to be effective values. If, for 
the duct design considered, the variation of Mach number with 
airspeed and the variation of true inlet-velocit.v ratio 'With 
airspeed are known, use of these data will give an estimate 
oi the variation of the pressure losses at the inlet with 
a i r sp e e d . 

Figure Up shows the effective inlet— velocity ratio as a 
function of Kach number for various values of true inlet- 
velocity ratio. These data indicate the necessity of 
keeping the high-speed inlet— veloc ity ratio at a rather high 
value so that the effective ini et— vel oc ity ratio does not 
become too small. 


Estimation of Total Pressure Losses 

In order to estimate the total pressure losses up to 
the face of the jet— motor compressor, the following ex—., 
pression may be used: 


AH 


1, 


AH, 


+ .(1-p) 




va 


f 


1- 


-. 3*8 


1 

J 



Values of p may be obtained from bench tests of model 
ducts or may be estimated from existing data. It should 
be noted that, if the internal ducting consists of a 
diffuser of large expansion ratio, the effect of the 
boundary layer along the ramp wall will be to decrease the 
diffuser efficiency below the value obtained for the idealize 
entrance conditions. . -. 


• 'W • - 

'. ..4, 

Ur 





Data for Use by a Designer 

From the preceding discussion of the research the fol- 
lowing' summary may be given: 

j. 

1 . Ramp cles ign 

(a) The use of divergent walls for the ramp improves 
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the pressure recovery to such magnitude as 
* to make them mandatory for mil tut fcallat i ons . 
The curved divergence show# tht best charac— 

. t .teristics. 

(b) The ramp angle may be varied up to 10° without 
incurring serious pressure losses. For a 
10° ramp, the pressure losses are slightly 
greater than for lesser ramp angles. If 
a 10° ramp is used, a lesser divergence should 
be used than for smaller ramp angles. 

2. lip design 

(a) Lip shape 6 is satisfactory from the standpoint 

of critical speed and internal— flow losses. 

(b) The eff ect of increasing the divergence is to 

increase the angle of attack of the lip at 
a given ini et— velocity ratio. This effect is 
believed due to increased divergence of the 
streamlines at the entrance resulting from 
increased pressure recovery. 

( c) The effect of increasing the ramp angle is to 

decrease the angle of attack of the lip. 

* _ 

( d) ?or any ramp angle selecte-d, similar critical- 
speed characteristics may be obtained by 
selecting the proper lip incidence. 

(e) The use of a lip submerged below the surface in- 
to which the entrance is placed so that the 
lip contour becomes tangent to the surface at 
its maximum thickness is believed to be more 
satisfactory than the protruding lip. Further 
investigation of this point is needed. 

3. Entrance aspect ratio 

(a) Use of a. square entrance in the place of a rec- 
tangular one of aspect ratio 4.0 shows slightly 
greater pressure losses. The data covering 
aspect ratio effects are meager and further 
research is needed for determining optimum 
aspect ratios. 


Improv es 



4 . ^Boundary— layer 


th icknes s 


£<■ a ) Increasing the boandary— layer thickness appreciably 
' reduces the pressure recovery, This loss may » 

be reduced by increasing the length of the. 
deflectors along the top of the ramp walls. 


5. Boundary— lay er control 

(a) The use of boundary— lay er control needs further 
investigation, for thin boundary layers the 
use of deflectors is believed sufficient to 
insure good pressure recovery. 


6. Estimated Mach number effects 

(a) A rough approximation of Mach number effects 

sufficiently accurate for design purposes may 
be made by using the low— speed pressure— loss 
characteristics as effective values which are 
corrected for Mach number effects. 


In order to make the results of this research available 
in a convenient form, the following design data have been 
prepared from results obtained by measurements of pressure 
losses at the duct entrance which may be us od to estimate 
pressure losses at the entrance for submerged entrances with 
ramp angles up to 10° with divergent ramp walls Equivalent 
to those of divergences 3 and 4 of this report. ' The losses 
were measured .with lip 6 but may be used with any lip design 
that does not cause stalling of the internal flow from the 
inner surface of the upper lip. . 

Pressure— loss data for the air entering the submerged 
inlet are given in figure 33 for the basic submerged inlet 
without deflectors for the thinnest boundary layer which had 
a total depth of 0.8 of the duct depth. 

figure £4 presents data for the basic duct entrance with 
normal deflectors with the same boundary layer as for figure 
£3. -- 

figure 35 presents data for the basic submerged entrance 
with extended deflectors for a boundary— layer thickness to 
duct— depth ratio of 1 .?. 

figure 36 presents data for the basic submerged entrance 
with extended deflectors for a boundary— layer thickness to 
duct— depth ratio of 1.8. 
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These data are values determined by integration of con- 
tours of pressure loss in the entrance tee tit 4 Average inlet— 
velocity" ra^io of the entrance. 

"t 

Or it ical— speed characteristics of the lip are. given in 
figure 57 for the lip— angle relation with rasp angle shown. 

Design considerations for jet -prope l led aircraft. — The 
design of submerged entries for the airplane of figure 38 is 
discussed to illustrate the considerations believed neces- 
sary f or a successful submerged— inlet design. This air- 
plane is powered with a 3000— pound s t at i c— thrus t jet motor 
requiring oO.l pounds of air per second at an airspeed of 
'5EC miles per houi’ at 25,000 feet altitude. The air enters 
the jet motor at a velocity of 385 feet per second. 

The location of the entrance ahead of the wing on the 
flat side of the fuselage is desirable because of the thin 
boundary layer that existB in this region and because the 
influence of the velocity field of the wing is minimized. 

In general, it is believed good practice to locate submerged- 
air inlets in a region of relatively low velocity. The 
attainment of a high critical speed for the lip is made easier 
since the incremental velocities are smaller and the. 
initial velocity of the air, which is slowed down on entering 
the duct, is less than for a high-velocity region, resulting 
in a less severe pressure gradient and a higher pressure 
recovery. , 

. The selection of twin entrances located on. the . s ides of 
the fuselage is dictated by space considerations. It is 
possible that a single entrance could be placed in the 
bottom of. the fuselage though this is objectionable because 
stones or debris may be thrown into the. entrance by the 
nose wheel. It should be noted that, for a ^wlnrr.ducjfc, 
installation . there is danger of flow instability occurring 
with consequent duct rumble if the inlet— velocity ratio in 
any flight condition falls below the value for maximum 
pressure recovery. This condition, when it exists, is 
usually found in gliding or diving flight with the motor 
throttled or off.- The instability, which consists of flow 
into one entrance and put of the other, may be eliminated 
by closing off one entrance in these flight conditions or 
by making the ramps of the entrances movable so that the 
entrance area may be reduced and the inlet— vel o city ratio 
increased. The instability may also be removed by providing 
small spoilers in each duct -which are actuated when the 
throttle is closed or by providing air bleed in the critical 
flight, conditions. 
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.This.-- instability ' of flow has teen found for only t via- 
d uct Installations and is a function of the positive 
variation of pressure recovery with inlet— vel ocity ratio. w 
Similar instability consisting of flow into one side of the 
entrance and out of the other, of course? may occur with- a 
single entrance if the total— head pressure distribution 
across the entrance varies greatly at any inlet— velocity 
ratio. Such a condition may be eliminated by the proper 
selection of the entrance location. , 

i 

The entrance . selected for the airplane of figure 38 
consists of. a ?o ramp with curved divergent walls 1 similar 
to divergence’ 4. Lip 6 was used and was given 3° of down 
incidence. A high-speed inlet— vel ocity ratio of 0.7 was 
selected to give high critical speed with good pressure- 
recovery characteristics. This selection fixed the diffuser 
expansion at 1.5 to 1.0. Since the boundary— 1 ay er thickness 
calculated by the methods of reference 5 was found to be 
less than the thinnest boundary tested in the research 
covered by this report, the data of figure 34 were used to 
estimate the variation of pressure recovery with inlet- 
velocity ratio. 

figure 39 shows the variation of the inlet— velocity 
ratio with airspeed at 35,000 feet altitude. The effective 
inlet— velocity ratio ana the Mach number variation with air- 
speed also are gi vOn, 

Figure 40 shows both the estimated pressure losses at 
the duct entrance for this condition and the total losses to 
the entrance -of the jet motor for an assumed efficiency of 
the internal 'ducting of 85 percent. 

i'ield of Use for Submerged Inlets 

The results just discussed .give some indication of the ■ 
usefulness of submerged inlets relative' to other inlet 
types. The submerged inlet is essentially a high' inlet- 
velocity— r$.tio type in contrast to wing— leading— edge 
and fuselage— nose ' inlets . This characteristic limits the 
most efficient use of submerged inlets to internal flow 
systems which require only a small amount of diffusion, 
such as the internal ducting for jet motors of the axial- 
flow type. 

Submerged inlets do not appear to have desirable pressure 
recovery characteristics for use in supply ing • air to oil 
coolers, radiators, or carburetors of conventional recipro- 
cating engines. The required diffusion of the air and the 
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range of inlet— velocity ratios is too great to give desir— j 
able characteristics at all flight conditions. It should 
be noted a^ao that for jet motors which consume air at low 
velocity fi^om a plenum chamber, fuselage-nose iplets mg.y «•* 

prove to be superior to submerged inlets insofar as 
pressure losses are concerned. 

In conclusion, it should be stated that submerged en- 
trances have a definite advantage over other in.let types 
for certain inlet and air— flow requirements. The design 
of such inlets is more critical than that of other types 
because of the effects of boundary— layer thickness and local 
velocity fields. The design data presented may be used to 
give an accurate estimate of the characteristics of a 
submerged— duct entrance which do.es not depart greatly from 
those studied herein, provided (l) that the boundary— layer 
thickness is considered in terms of the due t—ent ranee depth, 
and (2) that the inlet— v elocity ratio used in estimating 
characteristics is based on the local velocity over the 
surface into which the entrance is placed. 


CONCLUSIONS 


The results of the investigation of submerged air inlets 
show that 

1. High pressure recovery at the submerged entrance may 

be obtained at ini et— v el ocity ratios less than unity (\A 0 w 0*7) 
for thin boundary layers. 

2. The reduction of pressure recovery resulting from 
thick boundary layers may be minimized by use of deflectors. 

3. High critical compressiblity speeds 0- cr ~ 0.8) 

may be obtained without sacrificing int ern.nl— f 1 ow r character- 
istics at high inlet— velocity ratios. 

4. The variation of pressure recovery and critical speed 
with angle of attack at constant in 1 et— v eloc it y ratios for 
fuselage side entrances is small, a characteristic which 
makes submerged entrances more desirable than wing— leading- 
edge inlets for maneuvering aircraft. 

Ames Aeronautical Lab oratory , 

ITational Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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APPEND II 

4 COEFFICIENTS AND SYMBOLS 

-V ' 

. % 

x distance along rasp 
H total pressure, lb/sq ft 
p static pressure, lb/sq ft 
? velocity, ft/sec 
p air density, slugs/cu ft 
q dynamic pressure (l/2pV 2 ), lb/sq ft 
P pressure coefficient (pj — p 0 )/o. 0 
AH loss in total pressure (Hj^ — H 0 )^ 1^/ sC l ^ 
n ducting efficiency 

hp diffuser efficiency factory 1 — (AHp/q^) 

M Mach number 

M er critical Mach number 

a angle of attack of model wing, deg 

Subscr ipts 

A station at the duct entrance 

L station at which the pressure measurements were made 

0 free stream 

av average over duct section 
D diffuser 
c compressible 

1 incompressible 
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LE III.- CRITICAL MACH NUMBERS AND AVERAGE DUCT-ENTRANCE LOSSES FOR 

VARIOUS LIP PROFILES THROUGHOUT THE INLET- VELOCITY-RATIO RANGE 
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Figure 1.— 1- by 1-1/2-foot wind channel ae arranged for submerged -duct-entrance 
tests. 
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Figure 5.- Sectional vie* of Bubmerged-duct entry showing boundary-layer-control slots 
tested. 
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Pressure losses at tae sides of the submerged-duct entrar.ce with normal deflectors and without deflectors 
70 rBa p angles boundary layer 1 ; lip 61 divergence 4 . 






















figure 15 .- lip shapes tested with tne submerged duct. 




Preeaure coefficient, 





Pressure coefficient 




i 

HACA ACR Ho. 5120 

Pig. 17 

l 


► 

1 


■ATtOIAU A0TI 










Pressure coefficient, 



Distance from loading edgi 

Figure 19.- Pressure distribution for various li 
fcero Incidence for a 5° rase angle: 
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Figure 21.- The variation of dynamic-pressure recovery after diffusion Figure 22.- The variation of dynamlc-preseure recovery after 

with lnlet-veloclty ratio for two entrance Bhapesi ?o raap; diffusion with lnlet-valoelty ratio for two eubmerged- 

divergence 2. duct-entrance shapes with boundary layer 2 t 7° reap; divergence 2. 
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Figure 27.- The variation of dynamic-pressure recovery after diffusion with inlst-velocity ratio for 20 percent intake wlr drawn into 
the boundary layeri 7° ramp anglej divergence 4j normal deflectors. 








Sketch of toe submerged-duct satrance installed oa the .35-scale model of a fighter airplahej no deflector*. 
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Figure 31. - Variation of critical Mach nuaber with inlet-Yelocity ratio for tho subnet god -duct 
Installation on the .d5-scale nod el of a fighter airplane; matched operating 
conditions. r -a 
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Figure 37.- The variation of the angle of lip 6 with ramp angle 
for tne attainment of similar critical -soeed 
characteristics . 
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Figure 39.- Variation of inlet-velocity ratio and free-etream Mach number with velocity 
for a flgnter-type aircraft operating at 25,000 feet; duct entrance area « 
1.389 square feet. 
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Figure 40.- Variation of estimated duct pressure losnes witn inlet-velocity ratio for a 
fignter-type aircraft operating at 25,000 feet; ducting efficiency, .85. 
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